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Effect of Nb Microalloying and Hot Rolling on Microstructure
and Properties of Ultrathin Cast Strip Steels Produced
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FRANK J. BARBARO, JAMES G. WILLIAMS, and SIMON P. RINGER
The microstructure and corresponding tensile properties of both plain and Nb-microalloyed
grades of ultrathin cast strip (UCS) low alloy steel produced using the CASTRIP process were
studied. Both as-cast and hot-rolled strip cast steels with various levels of Nb microalloying were
manufactured and investigated in this study. Hot rolling had little eﬀect on the yield strength of
Nb microalloyed UCS specimens for a given chemical composition, but resulted in a slightly
ﬁner microstructure. The eﬀect of Nb microalloying was signiﬁcant, and this is attributable to
the promotion of ﬁner, tougher austenite transformation products such as bainite and acicular
ferrite at the expense of large polygonal ferrite grains. A ﬁne dispersion of Nb solute clusters was
observed in all Nb-containing steels following hot rolling, and it is suggested that this also
contributes to the observed strengthening.
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I. INTRODUCTION
THE CASTRIP* process is a revolutionary new
twin-roll strip casting method of producing steel sheet
directly from the liquid. Using this technique, thin (~1 to
1.5 mm) strip steel can be produced with signiﬁcantly
less energy, time, and ﬂoor space, while maintaining
higher production levels compared to conventional slab
casting techniques.[1–3] Initially, only plain carbon steels
were produced using this particular strip casting
method, but the production of higher strength grades
using microalloyed steels has more recently been estab-
lished following extensive plant trials and fundamental
investigations. This study was undertaken as part of the
supporting research for the manufacture of micro-
alloyed ultrathin cast strip (UCS) steels. The eﬀect of
microalloying additions such as Nb on steel microstruc-
ture was hitherto unknown for this UCS steel. A unique
feature of UCS steel is that the solidiﬁcation process
occurs within 200 to 300 ms, compared to conventional
slab casting in which several minutes are required for
complete solidiﬁcation. The aim of this study is to
provide new information about the microstructure-
property relationships in microalloyed grades of these
exciting new steels, which are expected to form an
entirely new sheet steel product category with the
potential to replace both hot-rolled and cold-rolled steel
sheet in many applications. To this end, a series of UCS
steels produced by the CASTRIP process with varying
levels of Nb content were manufactured for study in
both as-cast and hot-rolled states.
It is most noteworthy that the eﬀects of hot rolling on
steel microstructures and mechanical properties were
investigated by many researchers, and a very large body
of knowledge is available in this area.[4–8] It is generally
accepted that hot rolling leads to ﬁner ferrite grains.
This is because hot rolling recrystallizes austenite grains,
resulting in smaller austenite grains and, subsequently,
ﬁner ferrite grains. Furthermore, hot rolling reﬁnes
ferrite grain size by introducing strain ﬁelds within any
nonrecrystallized austenite grains, providing extra
nucleation sites for ferrite to nucleate and grow intra-
granularly in addition to along prior austenite grain
boundaries. Hot rolling was also found to retard the
ferrite grain growth in these steels via mechanical
stabilization,[5–8] whereby high density dislocations
introduced by rolling act as obstacles to the interface
migration of ferrite into austenite. These result in a ﬁner
grain structure and, consequently, better strength for the
product. In respect to the eﬀect of Nb microalloying on
high-strength low-alloy steels, many studies have been
carried out.[9–15] An important and widely reported
eﬀect in both theoretical and experimental studies is the
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decrease in the transformation start temperature, thus
favoring the formation of low-temperature transforma-
tion products such as acicular ferrite and bainite. It also
has been demonstrated that Nb precipitates strongly
retard austenite recrystallization.[15,16] Furthermore, Nb
additions are known to impart improved strength to
these steels through the formation of nanoscale NbC or
Nb(NC) precipitates, which retard the movement of
dislocations within the grains during deformation.[9–14]
In this research, we provide the ﬁrst comprehensive
evaluation of the eﬀects of hot rolling and Nb micro-
alloying on the detailed microstructure-property rela-
tionships in UCS steels.
II. MATERIALS AND METHODS
As-cast and hot-rolled UCS specimens with various
Nb contents were produced using the CASTRIP pro-
cess. Using this unique technique, liquid steel is passed
through twin-casting rolls and solidiﬁes within millisec-
onds to produce continuous as-cast steel sheet of
~1.8-mm thickness. The as-cast steel sheet is then
immediately hot rolled once to achieve ~1.3-mm thick-
ness, water spray cooled, and ﬁnally coiled as the
hot-rolled commercial product.[2,3] The chemical com-
positions and processing parameters for the materials
studied in this article are listed in Table I.
Engineering stress-strain curves were obtained using
standard tensile tests on dog-bone shaped coupons with
a strain rate of 0.008 s–1, and the yield strength for each
specimen was determined by the stress corresponding to
0.2 pct strain. Metallographic specimens for light opti-
cal microscopy, transmission electron microscopy
(TEM), and atom probe tomography (APT) were
prepared from the materials in Table I using standard
techniques.[17,18] An Olympus** BX61 metallurgical
microscope was used for light microscopy, and
both a 120 keV PHILIPS CM12 and a 300 keV
JEOL 3000F TEM were used for electron microscopy.
APT experiments provide chemical and spatial infor-
mation for the individual atoms in the material with
near-atomic resolution[19,20] and were used to study the
distribution of the Nb atoms in detail. They were
conducted using an Imago LEAP§ microscope[19] oper-
ating at 20 K (–253 C) with a pulse fraction of 20 pct, a
ﬂight path of 90 mm, and a pulse repetition rate of
200 kHz. APT data were reconstructed using the
method described by Gault et al.[20]
III. RESULTS
The yield strength of each specimen is plotted in
Figure 1, and the standard deviations were found to be
within 10 MPa. Slightly diﬀerent steel compositions
were evaluated for the as-cast vs hot-rolled Nb-free
steels, as indicated in Table I. Based on these results,
hot rolling seems to have a minor eﬀect on yield strength





[K (C)] Nb C Mn Si N
1 Nb-free as-cast 923 K (650 C) 0.001 0.033 0.85 0.2 0.006
2 Nb-free hot-rolled 1152 K (879 C) 817 K (544 C) 0.001 0.034 0.98 0.2 0.008
3 0.026 pct Nb hot-rolled 1225 K (952 C) 894 K (621 C) 0.026 0.038 0.87 0.24 0.005
4 0.041 pct Nb hot-rolled 1168 K (895 C) 920 K (647 C) 0.041 0.036 0.87 0.21 0.007
5 0.065 pct Nb hot-rolled 1185 K (912 C) 774 K (501 C) 0.065 0.037 0.93 0.28 0.007
6 0.084 pct Nb as-cast 869 K (596 C) 0.084 0.031 0.83 0.2 0.006
7 0.084 pct Nb hot-rolled 1170 K (897 C) 840 K (567 C) 0.084 0.031 0.83 0.2 0.006
Fig. 1—Yield strength of as-cast (circle) and hot-rolled (square) UCS
steel specimens with diﬀerent Nb contents. The standard deviation
of these results is within 10MPa.
**Olympus is a trademark of Olympus Inc, Center Valley, PA.
PHILIPS is a trademark of FEI Company, Hillsboro, OR.
JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
§LEAP is a trademark of CAMECA, Gennevilliers, France.
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for both Nb-free and Nb microalloyed steels. The
strengthening arising from microalloying with Nb was
signiﬁcant, leading to a plateau yield strength increase of
20 to 30 pct relative to the Nb-free hot-rolled specimen
at a level of about 0.04 wt pct Nb. Hot rolling appeared
to have had only a minor eﬀect on yield strength for the
Nb bearing specimens.
Figures 2 through 4 summarize the results of light
optical microscopy. All the optical images were taken
from cross sections along the hot rolling direction.
Optical images from transverse sections and cross
sections perpendicular to the hot rolling direction were
also taken with no noticeable microstructure diﬀerences
observed. The microstructure through the thickness of
each specimen was also studied, and no substantial
diﬀerences were noticed. The as-cast and hot-rolled
microstructures for the Nb-free and the 0.084 wt pct Nb
specimens are compared in Figures 2 and 3 at diﬀerent
magniﬁcations. The images in Figure 2 show an over-
view of the structure, which is quite heterogeneous in
some cases. The images in Figure 3 are taken at higher
magniﬁcation from the areas that have the ﬁnest
structure in the same specimens. The microstructure of
Nb-free as-cast steel (Figure 2(a)) consisted mostly of
acicular and bainitic ferrite, together with a minor
amount of polygonal ferrite decorating the prior
austenite grain boundaries. Figure 2(b) reveals that
some prior austenite grains possess the bainite/acicular
ferrite microstructure, while many others have trans-
formed entirely to polygonal ferrite. The polygonal
ferrite observed in Nb-free hot-rolled steel is ﬁner than
the corresponding as-cast one. However, in the
0.084 wt pct Nb-containing steel in the as-cast condition
(Figure 2(c)), bainite and acicular ferrite dominate the
microstructure and there was no polygonal ferrite
observed. Figure 2(d) reveals that hot rolling of the
Nb-containing steel reﬁnes the bainite and acicular
ferrite. An examination of the detailed nature of the
acicular ferrite in the as-cast specimens (Figures 3(a)
and (c)) revealed a conventional lath structure that
appeared to grow radially from the nucleation site
within the prior austenite grains, resulting in an inter-
locking morphology. In contrast, most of the acicular
ferrite observed in the hot-rolled specimens (Figures 3(b)
and (d)) also exhibited interlocking acicular ferrite
morphology but possessed shorter laths. Figure 4 is
also a series of light optical micrographs that compare
the microstructures of hot-rolled Nb-containing UCS
steels. When as little as 0.026 wt pct Nb was added into
the steel, the formation of classical polygonal ferrite was
Fig. 2—Cross-sectional optical microstructure of (a) Nb-free as-cast, (b) Nb-free hot-rolled, (c) 0.084 wt pct Nb as-cast, and (d) 0.084 wt pct Nb
hot-rolled specimens along the rolling direction. The prior austenite grain boundaries are indicated by dashed lines, and regions 1 and 2 show
typical polygonal ferrite (polygon-shape ferrite) and bainite/acicular ferrite (lathlike ferrite), respectively.
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suppressed and replaced by bainite and acicular ferrite.
This microstructure was even ﬁner in the 0.041 wt pct
Nb microalloyed steel, while further Nb addition did not
seem to change the microstructure substantially.
Since ferrite laths in bainite generally exhibit very
small misorientation, it is diﬃcult to etch out the grain
boundary using 2 pct nital, and TEM was used to show
this microstructure in greater detail. Representative
bright-ﬁeld (BF) TEM images from the 0.084 wt pct
Nb-containing steel after hot rolling are provided in
Figure 5 and reveal both the complexity of the bainitic
ferrite and the acicular ferrite microstructures. Similar
structures were observed for the 0.026, 0.041, and
0.065 wt pct Nb hot-rolled steels and 0.084 wt pct
as-cast steel. TEM experiments did not reveal any
evidence for the presence of dispersions of second-phase
precipitate particles such as Nb(C, N), despite careful
tilting experiments and the application of various
modalities such as selected area diﬀraction, high reso-
lution imaging, and dark-ﬁeld imaging. This was the
case for all concentrations of Nb, and Figure 5(c) is a
representative BF image for the 0.084 wt pct Nb-con-
taining steel after hot rolling.
Atom probe microanalysis was applied to investigate
the role of Nb given the absence of precipitation, and the
results are summarized in Figure 6 from the 0.041wt pct
Nb-containing steel after hot rolling. Figure 6(a)
provides the mass spectra from the analysis and shows
the various species that ﬁeld evaporated and how they
were identiﬁed. Figure 6(b) is an atom map with Fe
atoms shown in blue and the molecular species NbN, in
which Nb and N ions in the cluster were ﬁeld evaporated
together to give a single signal, labeled as red. It is very
clear that the Nb atoms are not uniformly distributed
and that, in fact, there are extremely ﬁne atomic clusters
of Nb and N atoms, which are beyond the resolution
of TEM.
IV. DISCUSSION
A. Effect of Hot Rolling on Microstructure
and Yield Strength
Previous work done on plain carbon CASTRIP steels
showed that hot rolling lowered yield strength.[2,3,21]
However, in this study, hot rolling was observed to have
little eﬀect on the tensile mechanical properties of both
the Nb-free and Nb-containing CASTRIP steels, though
there are obvious microstructural eﬀects and these are
slightly diﬀerent depending on whether the steel is
microalloyed. All hot rolling was carried out at 1152 K
to 1185 K (879 C to 912 C) (Table I), which is in the
Fig. 3—Optical micrographs of acicular ferrite in (a) Nb-free as-cast, (b)Nb-free hot-rolled, (c) 0.084 wt pct Nb as-cast, and (d) 0.084 wt pct Nb
hot-rolled specimens.
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austenite phase ﬁeld. In the Nb-free steels, the as-cast
material contains roughly equal amounts of polygonal
and bainite/acicular ferrite, as shown in Figure 2(a),
whereas the hot-rolled material clearly has more polyg-
onal ferrite with only about 15 pct acicular ferrite left in
the microstructure, as shown in Figure 2(b). This change
probably reﬂects the fact that hot rolling promotes
recrystallization and grain reﬁnement of austenite,[3,21]
and the resulting smaller austenite grains will discourage
intragranular acicular ferrite nucleation.[22] Some small
austenite grains, therefore, are completely dominated by
polygonal ferrite, and the volume fraction of acicular
ferrite decreases with increasing degree of hot rolling.[21]
However, a small amount of acicular ferrite that results
from larger austenite grains was still present in the
microstructure. This indicates that a small proportion of
austenite grains were not recrystallized during hot
rolling. This is probably because steel sheets underwent
only one-pass hot rolling in which the microstructure is
not homogenized. Since a large proportion of hard
acicular ferrite is replaced by soft polygonal ferrite in the
Nb-free as-cast steel, a drop in the yield strength of the
Nb-free hot-rolled steels might be expected. However,
no obvious diﬀerence in mechanical properties between
Nb-free as-cast and hot-rolled steels was noticed in this
study. This discrepancy is probably due to the higher
Mn content and lower coiling temperature, thus higher
continuous cooling rate in the Nb-free hot-rolled steels.
For coiling, the temperature drop from the hot-rolling
temperature for the 0.065 wt pct Nb steel is 684 K
(411 C), compared to ~603 K (330 C) for most of the
other steels. The higher Mn content has a strengthening
eﬀect, and a higher cooling rate promotes ferrite
nucleation but retards ferrite grain growth, which reﬁnes
the overall microstructure from the austenite-to-ferrite
transformation.
In the Nb-containing steels, the as-cast specimen
microstructure comprises bainite that nucleates at prior
austenite grain boundaries together with acicular ferrite
throughout the intragranular region of the prior aus-
tenite grains. After hot rolling, the microstructure
became more chaotic, with bainite islands and some
acicular ferrite throughout the microstructure. The
addition of Nb suppresses the recrystallization of
austenite so that large austenite grains are deformed
but the general size is retained.[3,23] Hot rolling also
creates additional nucleation sites such as dislocation
bands for ferrite laths to grow within the prior austenite
grains. The further growth of bainite and acicular ferrite
is limited by the neighboring ferrite grains nucleated on
other defects within the same prior austenite grain, which
results in a reﬁned microstructure. This observation
Fig. 4—Cross-sectional optical micrographs showing the eﬀect of Nb additions in hot-rolled steels: (a) 0.026 wt pct Nb, (b) 0.041 wt pct Nb,
(c) 0.065 wt pct Nb, and (d) 0.084 wt pct Nb additions along the rolling direction. The prior austenite grain boundaries, elongated along the
rolling direction, are indicated by dashed lines in (d).
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agrees with similar studies carried out on other
steels with structures dominated by bainite.[6,7] The
present results demonstrate that both Nb-free and
Nb-containing steels contain acicular ferrite in as-cast
condition and that this ferrite is made up of long, thin
laths. After hot rolling, the ferrite laths were noticeably
shorter. This is believed to result from the fact that hot-
rolled austenite grains contain more defects that can
provide nucleation sites. It is understood that this
decomposition of austenite occurs more rapidly in
hot-rolled steels, generating a greater number of
‘‘sympathetic’’ nucleation points. These nucleation
points encourage the formation of acicular ferrite and
subsequent growth impingement, thereby resulting in a
more reﬁned microstructure.
B. Effect of Microalloying with Nb
For both the as-cast and hot-rolled conditions of the
UCS steels produced by the CASTRIP process, the
addition of Nb increases the yield strength substantially
to 0.041 wt pct Nb and then reaches a plateau with
further Nb additions. This agrees well with the micro-
structural evolution apparent with Nb additions in
Figures 2 through 4, where a higher proportion of ﬁner
phases such as acicular ferrite and bainite are observed
with increasing Nb concentration. Since bainite and
acicular ferrite have smaller grain sizes than polygonal
ferrite, it is proposed that the Nb-containing steels are
strengthened by grain reﬁnement.
It was reported that Nb decreases the transformation
start temperature of austenite to ferrite, enhancing the
formation of lower temperature products such as ferrite
and bainite.[24–27] It is believed that Nb, both in solution
and segregated to austenite grain boundaries, retards
recovery and recrystallization of deformed austenite,
where defects stored in the austenite provide additional
intragranular nucleation sites for ferritic phases,[27]
promoting the formation of lower temperature ferrite
products. Nb segregation at austenite grain boundaries
also reduces the interfacial energy and, consequently,
makes those grain boundaries less eﬀective nucleation
Fig. 6—(a) Mass spectrum of 0.041 wt pct Nb hot-rolled specimen
showing the clear NbN3+ peaks and (b) APT data showing the dis-
tribution of NbN3+ and NbN2+ (35.5 and 53.5, respectively, in the
mass spectrum) clusters within the matrix. 100 pct of the atoms from
the clusters detected are displayed.
Fig. 5—BF TEM micrographs exhibit (a) bainitic ferrite, (b) acicular
ferrite, and (c) clean grain with no ﬁne scale precipitates in
0.084 wt pct Nb hot-rolled specimens.
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sites for polygonal ferrite;[28] thus, a transformation to
bainite/acicular ferrite is favored. Furthermore, because
the growth of bainite/acicular ferrite is displacive while
the nucleation and growth of polygonal ferrite are
diﬀusive, the dislocation density in bainite/acicular
ferrite is higher than that in polygonal ferrite,[22] which
provides additional strength in the Nb-microalloyed
steels.
The fact that no Nb-rich carbo-nitride precipitation
was observed via TEM suggests that there was no
contribution to the strengthening from precipitation
hardening.[9–14] It is conjectured that the absence of
Nb(C,N) precipitation in the as-cast and hot-rolled
steels is due to the fast cooling rates (60 to 80 K/s upon
water cooling) applied in the CASTRIP process. Con-
sequently, the Nb atoms are essentially retained in a
supersaturated ferritic solid solution.
It was further observed that the Nb atoms are
contained within the ferrite in a distinctly nonrandom
conﬁguration and seem clustered together with N atoms.
These clusters may be expected to contribute a cluster
strengthening eﬀect[29] along with the more conventional
forms of solid solution strengthening from individual
Nb solute atoms[27,30,31] throughout the ferrite.
V. CONCLUSIONS
1. Nb microalloying additions increased the yield
strength of UCS steels produced by the CASTRIP
process mainly by favoring the formation of bainite
and acicular ferrite at the expense of the relatively
softer and coarse polygonal ferrite as the products
of the austenite transformation. Whereas careful
TEM experiments failed to reveal any evidence
of precipitation, APT conﬁrmed the presence of
Nb-N clusters, and these could also be expected
to contribute to the overall strengthening of
Nb-containing UCS steels.
2. In the Nb-free steel, hot rolling reﬁned austenite
grains via austenite recrystallization; thus, intra-
granular acicular ferrite formation was suppressed.
In the Nb-containing steel, hot rolling provided
additional nucleation sites for bainite and acicular
ferrite, resulting in a more chaotic structure. Bainite
and acicular ferrite were the dominant microstruc-
ture in both steels, and no substantial differences in
yield strength were observed between the as-cast
and corresponding hot-rolled steels.
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